We theoretically investigate spin decoherence of a single nitrogen-vacancy (NV) center in diamond. Using the spin coherent state P-representation method, coherence evolution of the NV center surrounded by nitrogen electron spins (N) is simulated. We find that spin decoherence time as well as free-induction decay of the NV center depend on the spatial configuration of N spins.
Ornstein-Uhlenbeck (O-U) process [10, 34] , spin dynamics of a NV center and surrounding N spins has not been fully understood yet.
Variations of the P-representations [35] [36] [37] have been successfully used to formulate manybody problems in quantum optics, e.g. squeezing in optical solitons [38] . The spin coherent state P-representation, as a variation of the time-dependent mean-field method, has been proposed to apply to spin-based qubit systems targeting at decoherence of the central spin [39, 40] . The wavefunction of the whole system is represented in the basis of direct product of wavefunctions for individual spins. Equations of motion for all spins are specially tailored to achieve a close approximation to quantum dynamics of the central spin.
Simulation of FID and SE for a nuclear spin system has been demonstrated using the spin coherent P-representation method [40] .
In this paper, we theoretically study spin decoherence of a single NV center in diamond with the N electron spin bath. We employ the P-representation method to simulate spin dynamics of the NV center and surrounding N spins. Simulated SE decays agree with the decays due to a classical noise field described by the O-U process. Our simulation shows that the decay rate of both FID (1/T where γ is the gyromagnetic ratio for the N spin and the HF coupling constant is A 1 = 114
MHz for N spins delocalized along the [111] axis and 86 MHz along the [111] , [111] and [111] axes [41] . We here consider cases where B 0 is not equal to 514 G, therefore there is a large mismatch in the transition energy of NV and N spins which suppresses the flip-flop process between NV and N spins greatly. In the rotating frame with the precession frequency of the N spins, γB 0 S k , and with the NV center, (D − γ 0 B 0 )s 0 , the Hamiltonian for the dipolar interaction between the NV and the N spins (the system-bath coupling) is given by [10] ,
where
k is the coupling constant. The Hamiltonian for the dipolar coupling between N bath spins S j and S k is given by
where c j,k = γ 2 /r 3 j,k and only secular terms are considered. Fig. 1 shows a spatial configuration of a NV center (S 0 ) and N spin (S k ) bath used in our simulation. The NV center spin is located at the center of a cube where the cube consists of a tetrahedral diamond unit cell with a = 3.567Å of the lattice constant. The number of the unit cells in the cube is N diamond [10] . The root-mean-square of the spin-bath coupling b = values is due to this exclusion (see the inset of Fig. 1(b) ). We obtained T * 2 = 0.02 ∼ 1.73 µs with 0.53 µs of the the mean value for f = 10 ppm of the N spin concentration.
As shown in Fig. 2(a) , we simulated the time evolution of SE. The rephasing π−pulse is assumed to be perfect and instantaneous in the simulation. SE decay in electron spin baths has been described by treating the bath to be a classical noise field where the noise field B(t) was modeled by the O-U process with the correlation function C(t) = B(0)B(t) = b 2 exp(−|t|/τ C ). τ C is the correlation time of the bath, which measures the rate of the flipflop process between the bath spins. The corresponding noise spectrum is Lorentzian with power b 2 and the half-width at half-maximum (HWHM) 1/τ C . SE decay subject to the noise due to the O-U process is given by [13] ,
In the quasi-static limit (bτ c ≫ 1) indicating slow bath dynamics,
On the other hand, in the motional-narrowing limit (bτ c ≪ 1), E(t) = e −t/τ C ∼ exp(−t/T 2 ). As shown in Fig. 2(a) , we found good agreement between our simulation results and Eq. (5). Using the value of b determined by the bath configuration and confirmed by the FID, we determined τ C . Fig. 2 (b) shows 90 simulated SE decays with f =10 ppm. For many cases, we found bτ C > 1, and SE decays are well described by exp[
where the exponent α is typically between 2 ∼ 3 as shown in inset of Fig. 2(b) . This is in consistence with previous experimental results (α ∼ 3) [34, 43] . We also found a few cases in the motional-narrowing regime (bτ C < 1), in which the SE decay shapes are close to a single exponential function.
We examined the concentration dependence of the FID and SE decay in the range from 1 to 100 ppm. In Fig. 3 For bτ C > 1, the expansion of Eq. 5 to the leading order in t/τ C yields 1/T 2 ∝ (b 2 /τ C ) 1/3 , therefore 1/T 2 is proportional to f .
Finally we simulated noise spectrum of the N spin bath, S(ω). At time t, the local magnetic field due to N spins at the NV spin is expressed by B N V (t) ∼ j A 0,j R z j (t) where the sum is taken over all N bath spins. Direct Fourier transform of B N V (t) renders the noise spectrum, S(ω). Fig. 4 shows the simulated noise spectrum of N spins. Coherence of the NV center decays due to couplings to environmental noise of N spins. The amount of the decay is determined by overlaps between the noise spectrum and the spectrum of a pulse sequence used in ESR measurements. In SE measurement, the power spectrum of the pulse sequence is given by | sin 2 (ωt/4)/(ω/4)| 2 where t is the total evolution time [23] . As shown in 2 does not depend on details of the noise spectrum S(ω). We found excellent agreement in between T * 2 obtained from the noise spectrum and T * 2 extracted from simulated FID. In summary, we investigated spin decoherence of a single NV center coupling to N electron spins using the P-representation method. The P-representation is a modified timedependent mean-field technique that is suitable to simulate coherence evolution of a central spin surrounded by spin baths. Simulated results for SE signals are in good agreement with analytical expressions based on the O-U process and with previous experimental results. We found that the FID and SE decay rates, 1/T * 2 and 1/T 2 , depend linearly on the concentration of N spins. We also demonstrated simulating the noise spectrum of the electron spin bath using the P-representation method. The P-representation method is suitable to study decoherence in other spin-based qubit systems even in the strong intra-bath coupling regime, e.g. phosphorus donors in isotropically pure silicon ( 29 Si < 50ppm). This capability will facilitate us to find optimum DD sequences to effectively suppress decoherence in spin-based qubit systems. 
where B k is a local magnetic field for spin k created by all other spins in the system [1] .
For the NV center spin (k = 0), larger. This may result in a smaller 1/τ c , and longer T 2 in SE signals. Fig. S1(a) shows the simulated SE decays with and without the effect of the HF coupling with the same bath configuration (the number and location of N spins are same). As shown in Fig. S1(a) , the SE signals with and without the HF effect show no pronounced difference and both decays fit well with Eq. (5) in the main text. On the other hand, in the other configuration, the SE signal with the HF coupling shows a longer T 2 , as shown in Fig. S1(b) . We simulated 80 instances for statistical analysis of the HF coupling effect. Fig. 3 in the main text shows the effect of the HF coupling with the distribution due to the spin bath configuration for f = 50 ppm. The obtained 1/T 2 is 3.67 ± 2.55 µs −1 and 3.35 ± 2.59 µs −1 with and without the HF coupling. Thus, we found that the effect of the HF is much smaller than the deviation due to the spin bath configuration.
(iii) Spin bath configuration dependence of the spin-bath coupling constant b
The value of b depends on the configuration of N spins in diamond. The distribution of the spin-bath coupling constant b is given by [3, 4] ,
where Γ is determined by the decay rate of FID in an ensemble measurement. Fig. S2 shows 
